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Abstract 
As members of international collaboration “Energy and Transmutation of radioactive Waste” we routinely use (n,xn) 
threshold reactions in various materials to measure high energy neutron flux from spallation reactions. The cross-
sections of many reactions important for our activation detectors are missing. To improve situation, we studied 
the neutron cross-sections using different quasi-monoenergetic neutron sources based on proton reaction on 7Li 
target. The measurements were performed in Nuclear Physics Institute of the Academy of Sciences of the Czech 
Republic in Řež near Prague and in The Svedberg Laboratory in Uppsala (Sweden). We used neutron energies 17, 22, 
30 and 35 MeV from the quasi-monoenergetic neutron source in Řež and neutron energies 22, 47 and 94 MeV in 
Uppsala. The last experiment was carried out in February 2010 in Uppsala using neutron energies 59, 66, 72 and 89 
MeV. The study of neutron threshold reactions in yttrium was performed first time during this irradiation. We have 
developed procedure for the subtraction of contribution of the background neutrons. We studied various materials 
in the form of thin foils and observed good agreement with the data in EXFOR database and also with the 
calculations performed in deterministic code TALYS. Many cross-sections were measured in the energy regions 
where no experimental data are available so far. 
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1. Motivation 
Spallation reaction as a perspective source of neutrons has been studied with an increased interest in 
the last two decades. These studies are motivated by the need of high neutron fluxes for material research, 
transmutation of nuclear waste or production of nuclear fuel from thorium. After a long time of using 
threshold detectors of neutrons by our group during transmutation experiments [1] at JINR Dubna 
(Russia) there appeared an opportunity to determine experimentally their cross-sections in the energy 
regions where no data had existed so far. With the financial support from European Facilities for Nuclear 
Data Measurements (EFNUDAT) we exploited quasi-monoenergetic neutron source at The Svedberg 
Laboratory (TSL) at Uppsala, Sweden [2]. Seven irradiations with energies 22, 47, 59, 66, 72, 89 and 94 
MeV were performed. They were supplemented with irradiations on similar neutron source at Nuclear 
Physics Institute (NPI) Řež [3], with neutron energies 17.5, 21.9, 30.4 and 35.9 MeV. 
2. Cross-section measurements 
For the (n,xn) cross-section measurement we have used neutron activation of samples and evaluation 
of corresponding gamma spectra. The Au, Al, Bi, In and Ta materials were studied in all irradiations. 
Cross-sections of threshold reactions (n,2n), (n,3n) for these samples exist in EXFOR [6] up to 30 MeV, 
but no experimental data exist for higher neutron energies or (n,xn) reactions with x greater than three. 
The neutron reactions in yttrium were studied first time during last Uppsala irradiations.   
Above mentioned elements were chosen, because they are mostly naturally mono-isotopic or one 
of the isotopes is dominant (In). They are also relatively cheap, nontoxic, have good physical properties 
and half lives of the (n,xn) products. Materials were in form of foils with dimensions from 
12.5×12.5×0.05 mm3 up to 25×25×1 mm3, weights of the foils varied from 0.2 up to 7 grams depending 
on the foil type and beam energy. Yttrium samples were in the form of pressed pills with thickness about 
1.5 mm. The details about handling with samples are described in [8-12] 
2.1. Evaluation procedure 
Typical irradiation time was 8 hours at TSL Uppsala and 15 hours at NPI Řež. Transport from the 
irradiation hall to the spectrometer took approximately two minutes in Uppsala and ten minutes in Řež. 
Following spectroscopic corrections have been used to evaluate real yield of the isotopes – corrections 
on decay of the isotope between the end of irradiation and beginning of the measurement, correction 
on the intensity of the Iγ transition, correction on dead-time of the detector, correction on real γ-γ cascade 
coincidence, self-absorption correction, square-emitter correction (geometrical correction), detector 
efficiency, and beam instability correction (Figure 1.). Spectroscopic corrections make about 1% 
uncertainty. Statistical uncertainty of the Gauss fit of the gamma peaks in the code DEIMOS32 [4] 
depends on intensity and its value is usually between 1 % and 10 %. Final uncertainty is set as a square 
root of the second powers of particular statistical and systematic uncertainties. 
Yield of observed isotopes (products of the (n,xn) reactions) was calculated with respect to the various 
spectroscopic corrections by means of formulae described in [10-12]. The influence of different 
systematic correction factor uncertainties was analyzed. The background yield was calculated, subtracted 
and cross-section was calculated by means of formulae in mentioned articles.    
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Figure 1: (a) Corrections on self-absorption (Au thickness 1 mm); (b) detector efficiency (HPGe detector-Uppsala) 
2.2. Background subtraction details 
Neutron spectrum of high-energy quasi-monoenergetic neutron source contains beside the main 
neutron peak also lower continuum stretching up to the thermal energies. This spectrum is different at 
every irradiation facility because of different construction of the target and surrounding equipment. 
Neutron spectra for TSL and NPI are in Figure 2.  
 
 
 
 
 
 
 
Figure 2: (a) Quasi-monoenergetic neutron spectrum from 7Li(p,n) 7Be at the TSL; (b) at NPI 
Because neutron background represented up to 50 % of the total neutron intensity, production of the 
isotope by these “background” neutrons was not negligible for most of the studied isotopes. This was 
solved by the subtraction of their contribution.  Only reactions with the threshold few MeV lower than the 
neutron peak could be used to direct cross-section evaluation. Background contribution was determined 
by folding of the neutron source spectrum and calculated cross-sections. The cross-sections were 
calculated by means of the deterministic code TALYS 1.0. (Figure 3.) [5]. Therefore the background is 
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a potential source of unknown systematic uncertainty. It is insensitive to the absolute value of the cross-
section, but a modification in the cross-section shape or in the neutron spectrum shape can change it. 
TALYS enables five basic settings of nuclear level densities, which can influence the course of the cross-
section.  
3. Cross-section results 
For energies higher than 40 MeV and reactions of the order higher than (n,4n) no data are available 
in EXFOR (except bismuth, and in this case only from one experiment) [6], hence our data are original. It 
is really necessary to perform new cross-section measurements to fill in the gaps in the libraries and 
estimate possible systematic errors in already measured values. Comparison between the data from 
EXFOR, TALYS and results from the measurements from Řež and Uppsala was made. Examples of the 
results can be seen in following graphs (Figure 4.-Figure 6.). Good agreement with TALYS 1.0 and 
EXFOR data (where exist) is observed for most of the isotopes.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Example of different influence of background (values in the parentheses are ratios between production in the peak and 
total production in relative units) 
 
 
 
 
 
 
 
 
Figure 4: Comparison of experimental data from NPI and TSL with TALYS 1.0, 89Y(n,4n)86Y 
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Figure 5: Comparison of experimental data from NPI and TSL with TALYS 1.0 and EXFOR data where exist,  209Bi(n,4n)206Bi  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Comparison of experimental data from NPI and TSL with TALYS 1.0 and EXFOR data where exist,  27Al(n,α)24Na 
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4. Conclusion 
 Original data about cross-sections of used threshold reactions were obtained also for neutron energies 
above 40 MeV. With the support from EFNUDAT [7] quasi-monoenergetic 7Li(p,n)7Be neutron source at 
TSL Uppsala, Sweden was used. Three irradiations were performed with neutron energies 22, 47, and 94 
MeV in 2008. These measurements were supplemented with measurements at NPI Řež with neutron 
energies 17, 22, 30, and 35 MeV. Next measurements were performed with neutron energies 59, 66, 73, 
and 89 MeV in 2010. The results are in good agreement with the cross-sections already published in 
EXFOR. You can find more details in [8-12]. The first results of neutron reactions in yttrium are shown 
in this contribution.  
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